system on chip. Additionally, the defect-free photonic crystal has relatively simple fabrication processes and greater tolerance to the fabrication imperfections in the periodic lattice structures.
The guided resonance in the 2D photonic crystal exhibits Fano resonance shape. 17, 19 Unlike the conventional symmetric Lorentzian resonance, the Fano resonance has an asymmetric lineshape that leads to a sharp peak-to-dip transition in the resonance profile and therefore exhibits a higher Q-factor in comparison with its Lorentzian counterpart. Taking advantage of the sharp transition region of the asymmetric Fano lineshape in the reflection or transmission spectrum, a small spectral shift induced by refractive index (RI) change near the photonic crystal region can be extracted and thus better DL can be achieved. To date, although theoretical studies show that DL of 10
À6

-10
À7 RIU (refractive index units) can be realized with 2D photonic crystal, 20, 21 no experimental work has actually been carried out beyond 10 À3 RIU. 8, 11, 21 The actual DL under more realistic conditions remains elusive.
In this paper, we demonstrate the Fano resonance 2D photonic crystal based miniature label-free refractometric sensors that have a high Q-factor and a high sensitivity. We report the design, fabrication, characterization, and analysis of this integrated optofluidic RI sensor. RI sensing with small RI change (10
À4
-10
À5 RIU) is systematically studied. A change of 2.8 Â 10
À5 RIU in bulk liquid is measured experimentally. An extrapolated DL of 1.3 Â 10 À6 RIU is demonstrated, which is among the lowest reported experimentally in the defect-free photonic crystal sensors. Fig. 1(a) shows the schematic of 2D photonic crystal that consists of a square lattice of air holes on a silicon-oninsulator (SOI) substrate. Fundamentally, the sensitivity of an RI sensor is determined by the strength of light-matter interaction, which is proportional to the fraction of light present in the bulk solution near the sensor surface. 22 The DL is inversely proportional to the Q-factor of the photonic crystal resonance, as explained later. To search for a high Q and high sensitivity design for liquid sensing, we perform simulation and optimize the device geometry that includes slab thickness (t), lattice constant (a), and air hole radius (r), as illustrated in Fig. 1(b 23 The modal field is then calculated based on the finite-difference time-domain (FDTD) method using MEEP, 24 in which the unit cell is defined with the periodic boundary conditions in the xz and yz planes and perfectly matched layers on the top and bottom. A plane continuous-wave source is launched from the top of photonic crystal to excite the Fano resonance mode. With t ¼ 160 nm and r ¼ 0.1a, the photonic crystal sensor has a Q-factor of 10 000. Sensitivity as high as 300 nm/RIU in the aqueous medium can be achieved. These parameters are subsequently used in our device fabrication.
To fabricate the photonic crystal sensor, the top Si layer thickness of an SOI wafer is first reduced from 260 nm to about 160 nm by thermal oxidation and hydrofluoric acid wet etching. The photonic crystal is fabricated with electron-beam lithography and reactive-ion etching processes, as detailed in our previous work. 25 The scanning electron microscope (SEM) characterization shows that the fabricated photonic crystal sensor has a lattice constant of 970 nm, air hole radius of 103 nm, and slab thickness of 156 nm, as shown in Fig. 2 . The fabrication process is simple and compatible with the existing MEMS fabrication technologies. Therefore, massproduction and scale-up to an array format for multiplexed detection are possible with low cost. The schematic of the optofluidic photonic crystal refractometric sensors is shown in Fig. 3(a) . The individual photonic crystal patterned area has a dimension of 500 Â 500 lm 2 . According to the simulation results, the size of the device can be further decreased to 40 Â 40 lm 2 without compromising the Q-factor or bulk RI sensitivity. A polydimethylsiloxane (PDMS) microfluidic flow cell is fabricated using soft lithography and then bonded to the photonic crystal device for sample delivery.
The experimental setup for device characterization and sensing measurement is illustrated in Fig. 3(b) . Light from a tunable laser source (Agilent 81980 A, 1 pm spectral resolution) is collimated and focused onto the photonic crystal at normal incidence. The reflected beam intensity is measured by a photodetector (Agilent 81623B, 100 pW noise level). The experimental setup is controlled by the LabView codes developed in house. The tunable laser is repeatedly scanned in a narrow spectral range covering one Fano resonance mode at 2 Hz, and the reflection spectrum is monitored and recorded in real-time for further analysis. The experimental setup is built on air table to reduce the noise and vibration from the environment. Fig. 4(a) shows the measured reflection spectrum of the photonic crystal when the microfluidic channel is filled with deionized (DI) water (RI ¼ 1.33). We observe strong resonances at normal incidence, associated with the Fano coupling between free space and guided resonances. The resonance spectral position k 0 ¼ 1537.5 nm and a Q-factor of 2,828 are obtained from the Fano fitting. 26 The thickness of the PDMS layer that is interacting with the incident light beam is around 1 mm. The optical loss introduced by the PDMS flow cell is negligible for the Fano resonance mode (loss coefficient a 1550 nm ¼ 0.67 dB/cm 27 ). To characterize device bulk liquid RI sensitivity, various concentrations of ethanol/DI water mixture (0.05%-0.3%, v/v) with known RI are flowed into the microfluidic channel using a syringe pump at a flow rate of 0.1 ml/min. DI water rinsing is carried out between two consecutive sample measurements to ensure that the microfluidic channel is free of residual ethanol. The spectral shift (Dk) is read out from the linear region of the peak-to-dip transition in a Fano resonance. Specifically, linear fitting is performed in the peak-to-dip transition region of a Fano resonance mode. The intensity change (DI) is monitored in real-time at the point where I ¼ (I peak þ I dip )/2 of the normalized reflection spectrum and then converted into Dk, which is used as the sensing signal. The corresponding sensorgram for a series of ethanol/DI water samples is presented in Fig. 4(b) , from which it clearly shows that Fano resonance spectral position redshifts when ethanol/DI water sample (i.e., RI increase) reaches the sensor surface and returns to signal baseline after DI water rinsing. The respective spectral shift (Dk) in Fig. 4(b) with RI change (Dn) is plotted out in Fig. 4(c) . The linear fitting of the experimental data demonstrates a bulk RI sensitivity of 264 nm/RIU. To compare the experimental measurement with the simulation data, the device sensitivity is calculated using S 4 by tracking the shift of the resonance spectral position in the reflection spectrum in regard to the RI increase, as shown in Fig. 4(c) . The simulation result shows that the sensitivity is 303 nm/RIU, which is very close to the measurement results. The discrepancy between simulation and measurement may be due to the imperfect shape of air holes from fabrication etching process and slight inaccuracy in the Si slab thickness characterization. The smallest RI change measured in experiment is 2.8 Â 10
À5 RIU with 0.05% ethanol, which results in a spectral shift of 7.7 pm, well above the 3r noise (r ¼ 0.117 pm). This result represents two orders of magnitude improvement in the bulk liquid RI sensitivity that is actually measured in experiment compared to other photonic crystal based RI sensors reported to date.
To better understand the sensing capability of the photonic crystal sensor, theoretical simulation is performed using the photonic crystal geometry parameters obtained from SEM characterization on the fabricated device. The simulated normalized Fano resonance reflection spectrum is shown in Fig. 5(a) , when the device is in water environment. The simulation predicts that the photonic crystal possesses a Fano resonance at k 0 ¼ 1534.9 nm with a Q-factor of 5,429.
The measured Fano resonance spectral position agrees well with the simulated result. The Q-factor obtained in experiment is lower than the simulation prediction, which is attributed mainly to imperfections in fabrication and device surface roughness. Deviation from perfectly shaped circular air holes and non-uniform Si surface can severely lower the Q-factor in experiment. Electric field distribution of the Fano resonance mode used in the sensing experiment is also calculated in Fig. 5 . The mode electric field energy (ejEj 2 ) distributions in the yz plane in Fig. 5 (c) (cross-sectional view) and the xy plane (top view) in Fig. 5(d) reveal that the modal field is localized mainly in the Si slab region and decay evanescently into surrounding low index medium. The sensing principle of photonic crystal sensor is the detection of resonance spectral shift induced from RI change in the surrounding liquid (i.e., near sensor top surface). Using the perturbation theory, the bulk RI sensitivity, S [nm/RIU], is given by
where k 0 is the resonance wavelength, n liquid is the liquid RI, and f is the filling fraction quantifying the relative overlap between the Fano resonance mode and the liquid. To quantitatively evaluate the percentage of light interacting with the liquid near the photonic crystal top surface and in the air holes, the filling fraction is calculated using FDTD. The result shows that 25.9% of the Fano resonance mode is present in the liquid above the sensor top surface and only 0.13% of the mode is present in the air holes of the slab. Therefore, the spectral shift is almost exclusively caused by the RI change in the liquid on the slab surface. According to Eq. (1), the bulk RI sensitivity is 298 nm/RIU, which agrees well with the calculated S by tracking the spectral shift in S 4 and the measured result demonstrated in experiment. In addition, the DL of photonic crystal sensor can be estimated by
where R is the spectral resolution determined by the resonance mode Q-factor (i.e., spectral linewidth) and the noise of the measurement system. In contrast to the conventional symmetric Lorentzian lineshape sensors, our photonic crystal sensor demonstrates an asymmetric Fano lineshape with a sharp peak-to-dip transition, making it advantageous for achieving better DL in practice. To determine the DL of photonic crystal sensor, a representative baseline signal is acquired for 5 min. The standard deviation (r) of the baseline signal is measured to be 0.117 pm. Extrapolating to the 3r threshold, our photonic crystal sensor DL is determined to be $1.3 Â 10 À6 RIU according to Eq. (2). In summary, we have presented a Fano resonance photonic crystal based optofluidic RI sensor. The defect-free 2D photonic crystal structure reduces fabrication complexity and enables scale-up to an array format for multiplexed detection on chip. The unique light guiding method of Fano resonance in 2D photonic crystal avoids delicate alignment for light coupling and simplifies the measurement setup. Moreover, the asymmetric lineshape of Fano resonance improves the DL in practice, and a record-low DL of 1.3 Â 10 À6 RIU is achieved in experiment. Our results lay a foundation for high-precision miniature label-free sensor in biological and chemical analysis.
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